The biomechanical changes due to increased arm mass in individuals with high body mass index (BMI) may lead to altered scapular motions at the shoulder joint. Scapula kinematic alterations are often associated with shoulder pain and pathology, and if present in overweight or obese individuals could impact shoulder health. The purpose of this study was to examine if scapula biomechanics differ between groups separated by BMI. Three-dimensional scapula kinematic data during arm elevation were collected on 41 subjects, and then compared between higher BMI (BMI ≥ 27; n = 10) and lower BMI (BMI ≤ 23; n = 10) individuals, both with and without holding a 1.36 kg (3 lb) weight. Data were analyzed with a mixed-model ANOVA with Group and Elevation Angle the between-and within-subject factors, respectively. The higher BMI group had significantly greater scapula upward rotation than the lower BMI group at 120° for both the unweighted and weighted tasks. Individuals with higher BMI in this study had altered scapulothoracic movement, which may be a strategy to better manage increased arm mass. With increased scapula upward rotation also reported in groups with rotator cuff tears, this study supports the potential link between high BMI, kinematics, and rotator cuff pathology.
Shoulder pain accounts for over 20% of the musculoskeletal pain complaints reported annually. 1 Many factors are associated with shoulder pain, including tendon degeneration, acromion morphology, changes in tissue extensibility, and alterations in movement or muscle activation. 2 Recent studies suggest an association between obesity and shoulder pain 3, 4 and if accurate, shoulder pain rates are expected to rise with obesity rates, 5, 6 increasing treatment costs.
Biomechanical factors may explain the association between obesity and shoulder pain. First, increased upper extremity mass requires greater muscle force during upper extremity tasks, increasing joint reaction forces and the potential for pathology. 7 In addition, increased upper extremity mass may reduce use of the upper extremities for recreational activities, 8 resulting in muscle strength and endurance declines. 9 With experimental fatigue of shoulder muscles altering both scapula 10, 11 and humeral head 12 kinematics, decreased endurance may make obese individuals susceptible to kinematic alterations.
Because scapula kinematic alterations are associated with subacromial impingement syndrome and rotator cuff tears, 13 it is reasonable to propose that obese individuals prone to the above biomechanical changes may have movement alterations that increase the risk for shoulder pain and pathology. The purpose of this study was to determine if scapula kinematic alterations were present in obese individuals. We hypothesized that individuals with higher BMI would have decreases in scapula upward rotation (UR), posterior tilting (PT), and/or increased internal rotation (IR) during upper extremity movements ( Figure 1 ).
Methods
Forty-one subjects provided informed consent to participate in this study, which was approved by the University's Institutional Review Board. Subjects were required to have full active shoulder range of motion, which was visually assessed and defined as the ability to elevate their arms bilaterally to an overhead position. Potential subjects were excluded if they reported current shoulder pain or prior shoulder trauma or surgery. Subject height and weight were quantified and used to calculate body mass index following kinematic data acquisition (BMI: Weight × 703 / Height 2 ). To assess upper extremity fat, triceps and biceps skin-fold thickness was measured with a skin-fold caliper accurate to ±1 mm. Both folds were oriented vertically and measured at standardized anatomical locations. A thoracic kyphosis index was determined by fitting a flexible ruler to the subject's thoracic spine between the spinous processes of the first and twelfth thoracic vertebrae, then tracing the contour of the curve on a sheet of graph paper. Two distances-the linear An Official Journal of ISB www.JAB-Journal.com ORIGINAL RESEARCH distance between the two vertebrae and the distance from the apex of the curve and the line between the two vertebrae-were then used to calculate the index ([linear distance/apex distance] × 100). 14 All measurements were taken once by the same investigator on all 41 subjects.
To evaluate the potential effect of BMI on scapula kinematics, two comparison groups were created: those with BMI ≤ 23 (lower BMI group; n = 10); and those with BMI ≥ 27 (higher BMI group; n = 10). These thresholds were estimated based on the BMI mean (25.6) and standard deviation (5.0) of the entire sample and are approximately plus/minus one-half standard deviation from the mean. The higher threshold limit was reduced to 27 to include two subjects with BMI between 27 and 28 to create groups of equal sizes, and to be closer to the threshold of 26 reported by Miranda to be associated with shoulder pain. 19 These group thresholds were used to prevent group assignment errors, possible when a more muscular individual has an inflated BMI, for example, and to help ensure adequate separation between groups so that potential motion differences may be detected. 20 Three-dimensional scapula kinematic data were collected with a flock of birds electromagnetic motion capture system (Ascension Technology Corp., Burlington, VT, USA) integrated with Motion Monitor software (Innovative Sports Training, Inc, Chicago, IL, USA). This system transmits low-frequency magnetic pulses to detect the orientation of sensors, and is accurate to 0.5° root mean square error. Data were collected at 100 Hz per sensor. Sensors were taped to the skin over the sternum, acromion, and distal humerus of the dominant arm. Local coordinate systems ( Figure 1 ) were established for the thorax, scapula, and humerus using International Society of Biomechanics recommendations. 15 The same investigator performed data collection procedures for all subjects. Motion data were collected as subjects performed five repetitions of arm elevation and lowering in the scapular plane, with and without a 1.36 kg (3 lb) weight. The weight was added to increase the mass of the arm and further challenge the scapulothoracic biomechanics, which may cause underlying kinematic faults to emerge. 16 The plane of elevation was maintained by orienting a portable planar surface to each subject as a guide for their arm. These data capture methods are valid up to approximately 120° of arm elevation, 17 and have excellent intratester reliability. 18 Scapula orientation angles relative to the thorax were extracted using a Z T (IR), Y S ′ (UR), X S ″ (PT) Euler sequence ( Figure 1 ). 15 Humeral angles relative to the thorax were extracted using a Z T (plane of elevation), Y H ′ (elevation), Z H ″ (long-axis rotation) Euler sequence. 15 Separate two-factor mixed-model ANOVA compared 3D scapula kinematics between groups (lower and higher BMI) and within humeral elevation angles (60°, 90°, and 120°) for the unweighted and weighted tasks. Statistically significant interactions were further analyzed with separate one-way ANOVA comparing groups at each humeral elevation angle. In addition, between-group demographics, skin-fold, and kyphosis index were compared using t tests. All statistical tests used P < .05 to indicate significance.
Results
The higher BMI group was noted to have alterations only in scapula upward rotation during arm elevation in both the unweighted and weighted conditions. Without weight, there was a statistically significant interaction effect between group and angle for scapula UR, with the higher BMI group having mean differences of 3.3° less UR at 60°, but 2.0° and 11.2° more UR at 90° and 120°, respectively (Figure 2 ). These group mean differences were statistically significant only at 120° (effect size = 1.27). During weighted arm elevation, there was again a statistically significant interaction between group and angle for UR. The higher BMI group had 1.5°, 6.6°, and 12.7° more mean scapula UR at 60°, 90°, and 120°, respectively, with statistical significance only at 120° (effect size = 1.34) (Figure 2 ). There were no other statistically significant group by angle interactions or main effects of group (Table 2) .
For demographic variables, the higher BMI group had significantly greater BMI and a larger biceps skinfold measure than the lower BMI group, whereas the triceps skin-fold and kyphosis index differences between groups did not reach statistical significance (Table 1) .
Discussion
The overall purpose of this study was to explore the possibility that individuals with higher BMI have scapula kinematics that are associated with increased risk for shoulder pathology. In this sample, there was a pattern of increased scapula UR in individuals with higher BMI compared with individuals with lower BMI. This may be clinically important because increased scapula UR has been reported in individuals with rotator cuff tears. [21] [22] [23] Increased scapula UR in the presence of a rotator cuff tear may be compensatory to maintain the subacromial space and minimize pain. [21] [22] [23] Scibek et al demonstrated that after reducing pain with a lidocaine injection in patients Figure 2 -Significant group by angle interaction effects for scapula upward rotation (UR) during unweighted and weighted arm elevation. For both tasks, UR was significantly increased in the higher BMI group at 120° of elevation. Error bars represent standard error. *Indicates statistical significance between groups (P < .05). with full thickness rotator cuff tears, scapula UR during arm elevation decreased, suggesting that increased UR reduces pain. 23 While our subjects were asymptomatic, it is worth considering that the altered movement pattern may precede rotator cuff pathology. Miranda et al have reported that BMI above 26 and working with hands above shoulder level are both associated with increased risk of shoulder pain. 19 Scapula UR differences at higher shoulder elevation angles in the current study support a biomechanical explanation for the Miranda et al findings and suggest that the combination of obesity and working with the hands above shoulder level may increase the risk of shoulder pain.
It is possible that the progressively increased UR may be a subtle movement strategy that uses momentum to overcome the greater inertia of an arm with increased mass, resulting in less relative scapula rotation in the early range of motion and more relative rotation by 120°. 24, 25 Although we did not statistically compare the unweighted and weighted conditions within groups, the mean scapula UR of the higher BMI group when holding a weight was greater at all three elevation angles (Figure 2 ). This trend in the data supports the possibility of an altered movement strategy. Kon et al reported decreased scapulothoracic motion in the early range of elevation, and increased motion at higher angles after adding resistance to arm abduction. 24 McQuade and Smidt reported increased scapula UR in both the sagittal and frontal planes when elevating the arm against resistance. 25 The UR increases noted in the current study under both the weighted and unweighted conditions suggest that individuals with higher BMI have altered their movement strategy over time due to the increased mass of their arm. The fact that the lower BMI group demonstrated negligible increases in mean scapula UR in the weighted condition suggests that a compensatory movement strategy based on increased arm mass is an adaptation that develops over time, rather than a movement alteration created by adding the light weight during the study.
Group differences for thoracic kyphosis and scapula PT were expected due to anticipated postural changes with higher BMI 26,27 and because increased scapula anterior tilting (AT) is associated with increased thoracic kyphosis. 28 Failure to find statistically significant differences for tilting was likely due to the high variability in the data. Typical group standard deviations using these methods range from approximately 5° to 15°, while in this study they ranged from 5.8° to 28.2°. The high variability for tilting resulted in lower than expected statistical power (12%) for this variable.
Variability was greatest in the higher BMI group data, consistent with skin motion artifact, or the inability of a sensor on the skin to follow movement of the underlying bone. With increased subcutaneous tissue in the higher BMI group, the magnification of error is not surprising. We openly acknowledge that skin motion artifact in the higher BMI group may be impacting the group differences noted in this study. It is not currently known how scapula kinematic data measured with a skin marker are impacted by increased BMI. In the lower extremity, skin sensors have been shown to underestimate segment motion, 29 and Bourne et al have reported an underestimation of scapula upward rotation using skin sensors when compared with bone-fixed sensors. 30 They studied a small sample of subjects (n = 7) that included three subjects who fit our higher BMI threshold and three subjects who fit our lower BMI threshold, with no systematic differences in error by BMI noted. Certainly the small sample size of the Bourne et al study is not conclusive regarding skin motion artifact and BMI, but does offer insight into the effect of BMI on scapula kinematic data measured using skin sensors. If true that skin-based sensors consistently underestimate scapula motion independent of BMI, group differences in this study would be considered real. In addition, it should be noted that kinematic differences were seen in only one of the three scapula rotations (upward rotation) and mean UR was even greater with the addition of a weight in the higher BMI group only (Figure 2 ). This supports our hypothesis that the additional weight of the arm in those with increased BMI may be inducing the movement alterations. In addition, skin artifact would not be expected to increase simply by adding a hand-held weight to the elevation task. Several other limitations of the study are acknowledged. Muscle activation data were not collected but may improve the analysis of shoulder pain risk in higher BMI individuals. No epidemiological data yet supports the assertion that individuals with higher BMI are at higher risk for or have a higher prevalence of shoulder pathology. Based on the high variability in the data, our group sizes could have been larger; however, the study was intended to explore a theory regarding higher BMI and scapula kinematics and the findings represent preliminary results that can be used to direct further studies. Finally, males are underrepresented in the lower BMI group.
To conclude, this study demonstrated that a group of subjects with higher BMI had scapula kinematic patterns different from a group of subjects with lower BMI, with increased scapula UR in the higher BMI group. The point in the range of arm elevation at which UR differences were seen may predispose higher BMI individuals to increased risk of rotator cuff disorders. Further investigation of the influence of higher BMI on shoulder kinematics, muscle activation, and muscle fatigue appear warranted.
